a natural component of the aquatic microflora (5) . Environmental waters often serve as the source of Legionella spp. in cooling towers. Because cooling towers may amplify Legionella populations and have been implicated as sources of Legionella infection (2, 3) , rapid analysis of some cooling tower and source waters for Legionella spp. may be of value. Analyses currently in use involve concentrating the microbial populations and testing the concentrates for the presence of various Legionella spp. by using specific fluorescein-bound antisera together with epifluorescent microscopy (5) . In some cases direct plating of the test samples is also possible (4) . These procedures allow for the quantitation and specification of the Legionella population. Testing for the presence of infectious Legionella spp. in water samples required injection of guinea pigs (4) . If signs of illness appear within 2 weeks after inoculation, the animals are sacrificed, and tissues are plated on charcoal yeast extract (CYE) agar for recovery of viable Legionella spp.
These various procedures for detecting and analyzing Legionella populations are laborious, time consuming, and costly. We have previously described the application of flow cytometry (FCM) in detecting the presence of the amoebic pathogen Naegleria fowleri in thermally altered water (10) . Ingram et al. (8) have described the cytofluorographic profiles of laboratory cultures of Legionella pneumophila. Consequently, the present study was undertaken to determine the usefulness of FCM in detecting and characterizing Legi (14) . Two other isolates of L. pneumophila (serogroup 1) from human patients were also analyzed. These cultures (X and Z) were tested within the first two passages on laboratory media after their isolation from infected lung tissue. Both the high-virulence environmental isolate and the clinical isolates were from the Oak Ridge, Tenn., area.
Sample treatment. The Legionella populations were examined concomitantly by epifluorescence microscopy and FCM. Water samples analyzed microscopically were either centrifuged to effect a 400-fold concentration of the bacteria or examined without concentration. FCM analysis was undertaken on unconcentrated water samples. Occasionally the 400-fold-concentrated microbial pellets obtained by centrifugation were subjected to density gradient centrifugation. We had observed in another study that qualitatively different, but serologically similar, subpopulations of L. pneumophila could be obtained by density gradient centrifugation (Tyndall, unpublished data) . A gradient of Percol was established by placing 2.5-ml amounts of 80, 60, and 40% Percol and 1.5 ml of 20% Percol in a 10-ml centrifuge tube. After the microbial pellet, suspended in water, was added to the top layer (i.e., 20% Percol), the gradient was spun at 2,000 x g for 60 min. Sequential 1-ml bands of the resulting gradient, containing banded bacterial populations, were removed and centrifuged for 45 min at 2,000 x g. The microbial pellets were suspended in doubly distilled water and centrifuged again at 2,000 x g for 60 min. The resulting pellet was resuspended in 2.5 ml of distilled water before analysis. Tests of the infectivity of these pellets were made by intraperitoneal inoculation of two Hartley strain guinea pigs. After 4 to 5 days the animals were sacrificed, and their peritoneal fluid and spleen and liver tissues were plated on CYE agar. We have observed that at the concentrations inoculated, Legionella populations highly infectious for guinea pigs can be isolated from the animal tissues 4 to 5 days after inoculation, whereas L. pneumophila with diminished infectious potential is not isolated under these conditions (14) . Confirmation of Legionella outgrowth was by fluorescent microscopy with specific anti-Legionella anti- 48 to 72 h before analysis. The cultures were centrifuged at 2,000 x g for 45 min to concentrate the bacteria, and the resultant pellets were suspended in phosphate-buffered saline before analysis.
Fluorescent microscopy. Water was tested directly or centrifuged in 500-ml amounts at 2,000 x g for 45 min at room temperature (Sorvall RC-3B) to concentrate suspended microorganisms. Aliquots of the test samples were examined by the direct fluorescent antibody test by using antisera specific for legionella. The subsamples (0.010 ml) were pipetted into predesignated 7-mm-diameter wells on toxoplasmosis slides (Cel-Line Associates, Minotola, N.J.). Smears were air dried, heat fixed, and stained with fluorescent antibodies specific for L. pneumophila. The degree of fluorescence of the centrifugates was estimated subjectively from 1+ to 4+, with 4+ denoting the brightest fluorescence.
Polyvalent antisera containing antibodies against serogroups 1 through 6 or 1 through 4 of L. pneumophila were used for analysis of cooling tower waters and density gradient preparations, respectively. Stock cultures of serogroup 1 of L. pneumophila were analyzed with the fluoresceinbound, type-specific antisera. Escherichia coli was also stained with the antisera as a negative control. A second negative control was conjugated sera prepared from the preimmunization sera of rabbits later immunized with the Knoxville strain (serogroup 1) of L. pneumophila. Samples were viewed by epifluorescent microscopy. Antisera used in this study were prepared and supplied by the Centers for Disease Control or BioDx, Inc., and have been shown to be highly specific for detection of legionella. The L. pneumophila isolates used as antigens for antisera production were obtained from clinical sources. Of thousands of soil and water bacterial isolates tested, only a few cultures were found to cross-react with fluorescent antibodies for L. pneumophila serogroup 1 (1, 11, 13) .
The total microbial population was determined microscopically by staining the samples with fluorescein isothiocyanate (FITC) as previously described (6) . Organisms of bacterial size and shape were counted, and the counts were normalized to the number per liter of unconcentrated water from which the percentage of L. pneumophila in the microbial populations was determined.
FCM. For FCM analysis, Formalin was added to the environmental water samples or stock microbial concentrates to effect a final concentration of 0.37% formaldehyde. The samples were kept at 4°C for 18 h and centrifuged, and the microbial pellet was resuspended in phosphate-buffered saline. Samples were filtered by gravity through a 10-,um nylon filter (Small Parts Inc., Miami, Fla.) to prevent clogging of the cytofluorograph, and a 1:9 final concentration of FITC-labeled anti-Legionella antiserum concentration was effected in each sample. Stock cultures were tested at Legionella concentrations slightly higher than that normally found in cooling tower waters so that the cooling tower samples would not be tested with a paucity of antibodies relative to the reference stock cultures. After incubating for 1 h at room temperature, the antisera was removed by centrifugation, and the microbial pellet was suspended in phosphate-buffered saline. For FCM analysis, samples were again gravity filtered through a 10-,um filter, and the fixed cell concentration was adjusted to 5 x 105 to 7.5 x 105 cells per ml. Cells were treated with RNase (50 ,ug/ml) for 30 min and stained with propidium iodide (PI) (50 pug/ml) for 10 min. PI is a dye that intercalates into DNA and RNA molecules. The bacteria are pretreated with RNase so that the PI would bind only with DNA.
The PI-FITC-stained microorganisms were analyzed with an ORTHO 50H cytofluorograph (Ortho Diagnostic Systems, Inc., Westwood, Mass.) connected to an Ortho 2150 data analysis system (12) . The 488-nm line from a Lexel model 95 argon ion laser (Lexel Corp., Palo Alto, Calif.) was used to excite both PI and fluorescein. The bacteria would not generate a forward scatter signal above the photomultiplier tube background noise. Therefore, the red (PI) and Figure 1 shows an isometric display of an FCM profile of the Legionella population from a typical cooling tower water sample. Fifty thousand cells were analyzed. The inhomogeneity of the Legionella population with respect to antibody fluorescence was not unexpected since the bacteria were heterogeneous in size and, hence, heterogeneous in potential antibody binding sites. Similarly, the variation in the fluorescence of the DNA-dye complex is related to the rod-like form that varies in length. For highly nonspherical particles like legionella, the fluorescence of a DNA-specific dye depends not only on the DNA content but also on the form and size of the particle (9) .
RESULTS
Comparison of the microscopic and FCM analyses of cooling tower waters for L. pneumophila serogroups 1 to 6 showed that both analyses can determine the presence of L. pneumophila in the microbial populations (Table 1) . Five water samples from each of five cooling towers were analyzed by FCM and microscopy. For four of the five towers, differences in estimating the percentage of the Legionella population between the two techniques ranged from 2.3 to 7.8%. For tower 3, the microscopic assay indicated only 0.5% of the population, whereas flow cytometry indicated 11%. This large discrepancy may be due to the presence of fluorescent and nonfluorescent debris in the samples from this tower. Also, the previously described cross-reactions of non-Legionella bacteria with the Legionella antisera, although rare, could be another source of error. However, such cross-reaction would give a falsely high reading in both the microscopy and FCM tests. The coefficients of variation determined from Table 1 for the two techniques range from 13.41 to 56.69%, and for neither method is the coefficient of variation consistently smaller. However, the coefficient of variation resulting from the experimental situation underlying Table 1 is inadequate to compare FCM and microscopy for two reasons: (i) the five water samples were taken from different locations at the cooling towers, which introduces a variation independent of the analysis technique; (ii) confidence in the mean values per sample determined with FCM is higher than for microscopy because of the much larger sample size. This fact is not taken into account when computing coefficients of variation from Table 1 .
Differences were expected in determinations of Legionella populations by microscopy and FCM. Microscopy is a subjective analysis of a few hundred cells without regard to nucleic acid content. Conversely, FCM is a more objective and quantitative technique which examines 5 x 104 cells with DNA content similar to stock Legionella cultures.
Most cooling tower samples had green fluorescence histograms that were similar to those of the stock cultures of L. pneumophila (serogroup 1), although slight differences in the peak channel, i.e., the modes of the histograms, could be observed ( Fig. 2A, B , and C). These differences are indicative of changes in the overall amount of green fluorescence, i.e., bound antibody. Figure 2B iodide bound to DNA may reflect qualitative differences in Legionella was indicated by differences in the patterns of the low-virulence (Fig. 3A) compared with the high-virulence (Fig. 3B) cultures of L. pneumophila serogroup 1. The low-virulence pattern A had more red relative to green fluorescence compared with the pattern B from the high-virulence culture. The difference between the two patterns was detectable statistically by comparing the mean values of the red and green fluorescence signals determined fromn the measuremnent of four samples for each pattern. Differences were found between the means of the green fluorescence (t = 4.18; 0.005 < P < 0.01) as well as the red fluorescence (t = 7.95; P < 0.001) signals. The data patterns obtained by FCM are of elongated shape scattered around a line that runs diagonally across the area enclosed by the two parameter axis (Fig. 1, 3, 4 , and 5). Patterns A and B shown in Fig. 3 differ in the slope of this line. This could be confirmed by comparing the slopes of regression lines fitted to patterns A and B (t = 7.8; P < 0.001).
The cytofluorographic analysis of Legionella populations from sequential density gradient fractions also showed two different patterns. Both microscopic arid FCM analysis showed the presence of Legionella spp. in all fractions. In two experiments, the FCM analysis showed a mixture of patterns A and B in the Legionella population from the most dense portion of the gradient (Fig. 4D) . Legionella in the three lighter segments of the gradient showed only the A pattern (Fig. 4A, B , and C). When these fractions were injected into guinea pigs and the animal tissues were plated on CYE agar 4 to 5 days after inoculation, Legionella organisms were isolated only from animnals injected with the fraction from the most dense portion of the gradient. The numbers of Legionella injected in the infectious fraction were not as high as that found in another fraction (Table 2) .
Likewise, the Legionella cultures newly isolated from clinical infections also had a predominantly B pattern (Fig.  5) . The patterns of these two clinical isolates were similar to high-virulence L. pneumophila (serogroup 1). This could be confirmed by minimum distance classification on the basis of the mean values for red and green fluorescence. A minimum distance classifier (7) is a decision rule that assigns an object defined by a set of parameters to that class of objects to which it is closest in the parameter space. By using the mean values for red and green fluorescence of four high-and four low-virulence patterns to define the classes of high and low virulence, the concentration before analysis. More significantly, FCM can analyze thousands of individual Legiontella bacteria in seconds compared with the time-consuming and subjective visual microscopic analysis of only a few hundred organisms. By adjusting the cytofluorograph such that only the range of fluorescence exhibited by the stock Legionella cultures will be counted, test samples with weakly fluorescent organisms will not be counted as positive. In addition, the use of PI excludes fluorescent artifacts devoid of nucleic acids from the FCM analysis. Conversely, FCM generally does not allow for visual discrimination such that on rare occasions of a cross-reaction of the Legionella antiserum with similarly sized non-Legionella microorganisms, a falsely high reading could be obtained.
The concomitant use of both PI and fluorescein-tagged antisera revealed unexpected differences in the graphic patterns of Legionella populations. The two basic patterns as depicted in Fig. 3A intriguing. The Legionella population with low virulence for guinea pigs (Fig. 3A) indicates more binding of PI relative to antibody binding compared with populations more infectious for guinea pigs (Fig. 3B) . The density gradient samples showing a pattern like that of the high-virulence stock culture (Fig. 3B) were shown by animal tests to be more infectious than samples showing the pattern similar to that of the low-virulence stock culture. The two isolates from human patients with overt Legionella infections also had a more predominantly B pattern (Fig. 5 ). It will be of interest if in subsequent studies such differences in cytofluorographic profiles consistently correlate with highly infectious Legionella populations. If so, FCM might be a useful tool in not only rapidly quantitating Legionella populations in test waters but in qualitating such populations as well.
